Introduction
Apoptosis is a different type of cell death from necrosis, which is characterized by cell shrinkage, chromatin condensation, and the formation of apoptotic bodies,1,10) and requires the expression of specific genes .1,23) Apoptosis occurs in the develop mental nervous system24) and in normal tissues ,6) as well as in various pathological conditions . Recent investigations have suggested that apoptosis is in volved in neuronal death following cerebral ische mia. Apoptosis is believed to be important in delayed neuronal death occurring in the hippocam pus after global cerebral ischemia,7,8,16,21,22,25) as well as in focal cerebral ischemia, such as that associ ated with middle cerebral artery (MCA) occlu sion. 12-15,17.27) However The study used 48 male Wistar rats weighing 220 to 300 g (Seiwa Inc., Fukuoka) maintained accord ing to the Guidelines for Animal Experimentation of Oita Medical University and housed in groups of two or three with free access to food and water, and maintained under a 12 hour light/dark cycle.
Focal cerebral ischemia was induced using the method of intraluminal vascular occlusion.11.2s) In brief, animals were anesthetized with 3.0% halothane and maintained with 1.0% halothane in 70% N2O/30%02 using a face mask. The rectal tem perature was maintained at 37&deg;C with a heating pad during the surgery. The right common carotid ar tery, external carotid artery (ECA), and internal carotid artery (ICA) were isolated through a ventral midline incision under the operating microscope. A 5-cm length of 4-0 surgical nylon suture, with the distal tip coated with silicon rubber (Xantopren; Bayer Dental Co., Osaka), was inserted from the ECA and gently advanced into the ICA to occlude the origin of the right MCA. Restoration of blood flow in the MCA was accomplished by pulling the nylon suture back to the extracranial ICA. The rats were divided into three groups: animals with permanent MCA occlusion (Group P), animals with reperfusion of the MCA after 1 hour of occlu sion (Group R), and sham-operated animals in which a 15-mm-long nylon suture was inserted into the ICA. This suture was too short to occlude the MCA.
II.
Histological examination Animals in Group P (n = 16) could survive no longer than 24 hours after MCA occlusion due to massive brain edema. Therefore, animals in this group were sacrificed at 3, 6, 12, and 24 hours (n = 4 per time point) after MCA occlusion. In contrast, animals in Group R (n = 28) survived in good con dition for more than one week and were sacrificed at 3, 6, 12, and 24 hours and 2, 4, and 7 days after MCA occlusion (n = 4 per time point). Control animals were sacrificed at 24 and 48 hours after the sham operation (n = 2 per time point).
Animals were deeply anesthetized with pentobar biturate and the brains were removed following transcardiac perfusion with saline and 4% parafor maldehyde in 0.1 M phosphate-buffered saline. Af ter 2 hours of postfixation, coronal sections were cut at the level of the optic chiasm, embedded in paraffin, and sectioned in the frontal plane at a thickness of 4 &micro;m. Besides routine staining (HE), in situ detection of deoxyribonucleic acid (DNA) frag mentation was investigated using the terminal deoxynucleotidyl transferase (TdT)-mediated deoxy uridine triphosphate-biotin nick end labeling (TUNEL) method according to Gavrieli et al.6) Brief ly, after deparafinization, sections were incubated with 20&micro;g/ml proteinase K for 15 minutes and incu bated with 3% H2O2 for 5 minutes. Sections were then incubated with TdT (0.3 enzyme unit/&micro;l; Takara Shuzo Co., Ltd., Otsu) and biotin-16-deoxyuridine triphosphate (1 nmol/25 &micro;l; Boehringer Mannheim, Mannheim, Germany) in TdT buffer (30 mM Trizma base, pH 7.2, 140 mM sodium cacodylate, 1 mM CoC12) for 60 minutes at 37&deg;C and then incubated with 2 &times; SSC (300 mM sodium chloride, 30 mM sodium citrate) for 15 minutes. The sections were then processed with the labeled streptoavidin-biotin procedure using the DAKO LSAB kit (DAKO Japan, Kyoto). Finally, sections were counterstained with hematoxylin.
TUNEL-positive cells containing apparent apop totic bodies were regarded as apoptotic cells. Some necrotic cells were also TUNEL-positive, but lacked apoptotic bodies and showed relatively uneven TUNEL staining with cytoplasmic staining (Fig. 1) . These cells were not considered as apoptotic cells. Some cells exhibiting cell shrinkage or nuclear con densation mimicked apoptotic cells, but were also excluded unless they contained apoptotic bodies.
Quantification of TUNEL staining used three regions of interest according to the extent of the in farction: the core of the striatum, the medial border zone of the infarct in the striatum, and the deep cortex (Fig. 2) . In each region, the total number of apoptotic cells as well as TUNEL-positive cells were counted in five consecutive fields at strong mag nification (&times;400). Statistical analysis using the paired t test was performed to detect differences in the number of cells in the corresponding regions of Group P and Group R at time points up to 24 hours. Scheffe's F tests were also performed to detect differences between the three regions at the same observation time, and between all time segments. TUNEL staining with hema toxylin, &times; 250.
Results

I.
Distribution of the infarcted area
All animals in Group P had extensive and well demarcated infarction. Soon after the occlusion, the infarction involved most of the striatum and the ip silateral cortex and the size peaked at 3-6 hours af ter MCA occlusion (Fig. 2 upper) . Necrotic changes such as diffuse pallor of the eosinophilic back ground, vacuolation of the neuropile, and altera tions in the shape of nuclei in the infarction progressed with the duration of MCA occlusion. In contrast, 15 of 28 rats in Group R had infarction lo calized in the striatum (Fig. 2 middle) . In the other 13 rats, infarction extended outside the striatum to the cortex, but the infarcted areas tended to be smaller than those in Group P (Fig. 2 lower) .
No evidence of infarction was found in sham operated rats. No TUNEL-positive cell was detected in the sham-operated rats. TUNEL-positive cells were ob served only in localized areas within the striatum at 3 hours after MCA occlusion in Group P. However, the area containing TUNEL-positive cells extended to the whole striatum including the medial border zone and to the deep cortex after 6 hours and to the whole of infarcted area including the superficial cortex after 12 hours. Up to 24 hours after ischemia, the number of TUNEL-positive cells in each area gradually increased. At every observation time, the number of TUNEL-positive cells was greatest in the core of striatum and smallest in the cortex (Fig. 3 upper). TUNEL-positive cells in the cortex throughout the observation period, and even animals with extended infarct in the cortex had relatively few TUNEL positive cells (Fig. 6 ). The number of TUNEL-positive cells in each area gradually increased up to 24 hours after ischemia. At every observation time, the number of TUNEL-positive cells was greatest in the core of striatum and smallest in the cortex. lower: Apoptotic cells became apparent in each area usually after 12 hours with the regional difference. In the core of the striatum, the number of apoptotic cells significantly increased after 12 hours, but remained relatively low. The number of apoptotic cells in the medial border zone was several times greater than in the core of the striatum. The cortex was characterized by the delayed appearance of apoptotic cells. *p < 0.05, **p < 0.01.
The distribution of the apoptotic cells until 24 hours was similar to that in Group P, but the num bers tended to be smaller in each region. Thereafter, the number of apoptotic cells increased up to 7 days in the core of the striatum, up to 48 hours in the medial border zone and then gradually decreased up to 7 days. In the cortex the number remained un changed until 4 days, then decreased at 7 days. When the infarct extended from the striatum to the cortex, the greater number of apoptotic cells were observed in the medial border zone after 24 hours. Apoptotic cells were not observed in the cortex when the infarct was localized in the striatum (Fig.  7) . (Group R). Only few TUNEL-positive cells were found in the core of the striatum until 12 hours after MCA occlusion. Thereafter, the number sharply increased and peaked at 24 hours in the core of the striatum, at 48 hours in the medial border zone, and at 4 days in the cortex, and then rapidly decreased by 7 days in all regions. Animals with infarct only in the striatum had no TUNEL-positive cells in the cortex and even animals with extended in farct in the cortex had relatively few TUNEL-positive cells. *p < 0.05, **p < 0.01. #p < 0.05, p < 0.01 vs. the number of cells in Group P. . In contrast to that in Group P, the numbers of apoptotic cells tended to be smaller in each region until 24 hours, but thereafter increased up to 7 days in the core of the striatum, up to 48 hours in the medial border zone and then gradually decreased up to 7 days. In the cortex the number remained unchanged until 4 days, then decreased at 7 days. When the infarct extended from the striatum to the cortex, the greater number of apoptotic cells were ob served in the medial border zone after 24 hours. *p < 0.05. #p < 0.05 vs. the num ber of cells in Group P. Several previous studies indicated evidence of apoptosis in focal ischemia based on various find ings.12-15,17,27) The temporal and/or spatial profile of apoptotic cells in focal cerebral ischemia has been investigated in rats using the TUNEL method.12-14) Investigation in the cerebral cortex after permanent MCA occlusion found no differences in numbers of &ldquo; TUNEL-positive cells&rdquo; between the core of the in farction and the transitional zone.14) However, this study did not distinguish between necrotic cells and apoptotic cells among the TUNEL-positive cells. Rats subjected to 2 hours of transient MCA occlu sion showed progressive increase of apoptotic cells, primarily in the boundary zone of the infarction, and this increase occurred up to 48 hours after the reperfusion.12) Various durations of occlusion, from 10 to 120 minutes, indicated that the effect of re perfusion causes an increase in apoptotic cells after more than 90 minutes of ischemic insult.12,13) How ever, this speculation have not been thoroughly proved, because no animals had permanent MCA occlusion. Comparison of the spatial and temporal profiles of apoptotic cells between animals with permanent and transient focal ischemia showed that animals with transient MCA occlusion had delayed appear ance of apoptotic cells, and significantly fewer apoptotic cells. These data suggest that reperfusion does not affect the activation of apoptosis, and that the severity of the ischemic insult mainly contrib utes to the apoptotic process. However, we could not investigate with different durations of ischemic insult. With shorter durations of occlusion such as 15 or 30 minutes, the histological findings were quite uneven and we could not obtain significant findings (data not shown). With longer duration of occlusion such as 120 minutes, animals could sur vive no longer than 24 hours as animals with per manent occlusion. Since the pathophysiological conditions should be affected by the duration of ischemic insult, further investigation with various condition should be required to prove factors in fluencing the apoptotic process in focal ischemia. Previously, apoptotic cells have never been found in areas away from the primary ischemic lesion. We found some apoptotic cells in the contralateral cor pus callosum in animals with permanent MCA oc clusion, but histological examination detected no definite ischemic changes. Magnetic resonance im aging of animals with the same model as ours indi cated interstitial edematous changes in rats with permanent MCA occlusion and these changes were not obvious in animals with reperfusion as in the animals in Group R.26) Apoptotic cells were found in the white matter away from the primary lesion at the early stage in animal models of spinal cord injury.2) These apoptotic cells may be oligodendrocytes and possibly were associated with secondary degenera tion. These considerations might apply to our ob servations. However, we did not find apoptotic cells in the contralateral corpus callosum in Group R even 7 days after the insult. Our findings indicate apoptotic cells could be found in edematous areas away from the primary ischemic lesion. Further in vestigation should be required to prove the sig 
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Apoptosis is believed to be important in delayed neuronal death occurring in the hippocampus after global cerebral ischemia, as well as in focal cerebral ischemia. However, the true significance and pat ho physiology o f apoptosis remains unknown par ticularly in focal ischemia. Yamada et al. studied the spatial and temporal profiles of apoptotic cells ap pearance in a rat model with permanent or transient focal ischemia induced by intraluminal middle cerebral artery occlusion. Animals in both ischemic groups showed TUNEL-positive cells in the in farcted area, particularly in the border zone, not in the edematous areas. Furthermore, more rapid and ex tended apoptotic changes were observed in perma nent ischemia group. In conclusion, they suggested that reperfusion does not affect the activation of apoptosis, and the severity of the ischemic insult mainly contributes to the apoptotic process. Although these results and authors' suggestion are meaningful, their experimental investigations were performed un der limited ischemic conditions and observed by only TUNEL method. I would like their further stu dies to prove the significance of these apoptotic cells more clearly. Shunro ENDO. M.D.
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